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Brain microvascular endothelial cells (BMVECSs) present an incomplete barrier to human immunodeficiency
virus type 1 (HIV-1) neuroinvasion. In order to clarify the mechanisms of HIV-1 invasion, we have examined
HIV-1 uptake and transcellular penetration in an in vitro BMVEC model. No evidence of productive infection
was observed by luciferase, PCR, and reverse transcriptase assays. Approximately 1% of viral RNA and 1% of
infectious virus penetrated the BMVEC barrier without disruption of tight junctions. The virus upregulated
ICAM-1 on plasma membranes and in cytoplasmic vesiculotubular structures. HIV-1 virions were entangled
by microvilli and were taken into cytoplasmic vesicles through surface invaginations without fusion of the virus
envelope with the plasma membrane. Subsequently, the cytoplasmic vesicles fused with lysosomes, the virions
were lysed, and the vesicles diminished in size. Upon cell entry, HIV-1 colocalized with cholera toxin B, which
targets lipid raft-associated GM1 ganglioside. Cholesterol-extracting agents, cyclodextrin and nystatin, and
polyanion heparin significantly inhibited virus entry. Anti-CD4 had no effect and the chemokine AOP-RANTES
had only a slight inhibitory effect on virus entry. HIV-1 activated the mitogen-activated protein kinase (MAPK)
pathway, and inhibition of MAPK/Erk kinase inhibited virus entry. Entry was also blocked by dimethylamilo-
ride, indicating that HIV-1 enters endothelial cells by macropinocytosis. Therefore, HIV-1 penetrates BMVECs
in ICAM-1-lined macropinosomes by a mechanism involving lipid rafts, MAPK signaling, and glycosylamin-

oglycans, while CD4 and chemokine receptors play limited roles in this process.

Human immunodeficiency virus (HIV) enters the central
nervous system (CNS) early after the primary infection (2, 45).
Despite extensive investigation of HIV type 1 (HIV-1) neuro-
invasion, the mechanisms of initial entry into the CNS remain
obscure. “Trojan” transport of the virus by monocytes across
the blood-brain barrier (BBB) is considered to have crucial
importance for HIV-1 import into the CNS in the late stage of
AIDS (26). However, early after the primary infection, mono-
cytes are generally not infected (32). The two most likely
sources of the initial neuroinvasion are infected CD4" lym-
phocytes and cell-free virions, both reaching high levels before
the development of the anti-retroviral immune response.

Under normal conditions, the mammalian BBB presents a
strong barrier to invasion of the CNS by microbial agents. This
barrier is based on (i) paucity of vesicular activity within the
brain microvascular endothelial cells (BMVECs) that limits
endocytosis and transcytosis and (ii) tight junctional complexes
that are, however, modulated by vasoactive substances, such as
thrombin and bradykinin (52), and cytokines, such as tumor
necrosis factor alpha (11). In disease states, fluid phase trans-
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cytosis may dramatically increase via vesiculocanalicular struc-
tures and organelles, and the BBB becomes less restrictive for
blood-borne proteins and cells (27). The paracellular passage
may also increase through gaps in tight junctions, which are
produced by proinflammatory cytokines, such as tumor necro-
sis factor alpha (18), interleukin-1 (IL-1), and IL-6 (11).

HIV-1 enters susceptible cells by fusion of its envelope with
the plasma membrane after binding to the CD4 molecule (9)
and interaction with the chemokine coreceptor CXCR4 or
CCRS (51). The entry of HIV-1 into susceptible cells is pH
independent (33), arguing against endosomal entry of HIV-1
into productively infected cells. However, unlike receptor-de-
pendent uptake in productively infected cells, in abortive in-
teractions, the virus is taken in by vesicular uptake (30) medi-
ated by macropinocytosis (31).

Low-density, detergent-insoluble membrane fractions known
as rafts that are rich in glycosphingolipids, sphingomyelin, cho-
lesterol, glycosylphosphatidylinositol (GPI)-anchored proteins,
and various signaling molecules (50) have been found to serve
as receptors for a number of pathogenic microorganisms, in-
cluding HIV-1 (15). The rafts organize gp120/gp41, CD4, and
an appropriate chemokine coreceptor into a membrane fusion
complex (23, 28), although a shift of raft-associated CD4 to
CXCR4 located outside of the raft domain may be necessary
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FIG. 1. Expression of cell markers on BMVECs and HUVECs. Primary HUVECs (A to D) and BMVECs (E to H) were cultured on
gelatin-coated coverslips and stained by an indirect-immunofluorescence technique using anti-von Willebrand factor (A and E), anti-ZO-1 (B and
F), anti-GLUT-1 (C and G), and anti-dynamin (D and H). (Magnification, X400.)

for the fusion to occur (24). Lipid rafts also serve to correctly
assemble the HIV-1 envelope during viral morphogenesis (35).

Retroviruses use several different mechanisms to traverse
the BBB depending on the host and the virus. The simian
immunodeficiency virus infection of simian brain endothelia
was found to be productive (29), whereas the outcome of
HIV-1 infection of human BMVECs in vitro has been contro-
versial (34, 40). HIV-1 DNA was found within human brain
endothelia (1), and visna virus DNA was detected in sheep
brain endothelia (21). The in vivo analysis of HIV-1 brain
infection is complicated by the Trojan transport of the virus in
monocytes/macrophages and T cells. The Trojan transport by
monocytes has been described for visna virus, feline immuno-
deficiency viruses, simian immunodeficiency virus, and HIV-1
(21), and Trojan transport by lymphocytes was demonstrated
for human T-cell leukemia virus type 1 (46). In a mouse model,
the transport of enveloped HIV-1 pseudovirions across the
mouse BBB is related to adsorptive endocytosis of gp120 (3).

To investigate subcellular and molecular aspects of HIV-1
neuroinvasion, we developed an in vitro BBB model con-

TABLE 1. Exposure of BMVEC to HIV-1 does not
increase permeability in the BBB model”

Virus Permeability coefficient (cm/min)?

exposure

4hpic 24 hpid 48 h p.ic

No 0.000194, 0.000244
Yes 0.000234, 0.000275

0.000326, 0.000264
0.000298, 0.000295

0.000178, 0.000186
0.000186, 0.000193

“ Duplicate BBB models were either exposed in the upper chamber to HIV-
1A (1 million RNA copies) or left uninfected. At the indicated times, ['*C]inu-
lin (20 pl; 25,000 to 30,000 cpm) was added for 1 h, and the permeability
coefficient was determined as described in Materials and Methods.

b Values for duplicate experiments are shown.

¢ Mean difference, 0.00004; standard error of the difference, 0.00006; P =
0.5982.

4 Mean difference, 0.00000; standard error of the difference, 0.00006; P =
0.9820.

¢ Mean difference, 0.00001; standard error of the difference, 0.00006; P =
0.9103.

structed with primary human BMVECs with or without astro-
cytes (18). In this model, cytokines, such as tumor necrosis
factor alpha (18), and abused drugs, such as cocaine (54), open
a paracellular route for HIV-1. Cell-free HIV-1 enters and
penetrates coronary artery endothelial cells in cytoplasmic
vacuoles (22). In the present work, we elucidate the mecha-
nisms regulating virus entry into BMVECs.

MATERIALS AND METHODS

Cell culture. The University of Arizona Institutional Review Board for Re-
search involving Human Subjects approved isolation of BMVECs from discarded
temporal lobe tissues (5 to 15 mm?) obtained at temporal lobectomies. The tissue
was placed in phosphate-buffered saline (PBS) and fragmented using a 16-gauge
needle. After centrifugation (300 X g for 5 min), the pellet was digested in a
20-ml solution of collagenase-dispase (1 mg/ml; Roche Molecular Biochemicals,
Indianapolis, Ind.) containing 200 wl of DNase (1 mg/ml; Sigma, St. Louis, Mo.)
and 20 pl of Na-p-tosyl-L-lysine chloromethyl ketone (0.147 mg/ml; Sigma) for
1 h at 37°C. The digest was spun down (1,000 X g for 20 min) and resuspended
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FIG. 2. Time course of HIV-1 penetration across the BBB model.
One million HIV-1;; g RNA copies were placed in the upper cham-
bers of replicate BBB models, and HIV-1 penetration into the lower
chambers was measured by a HIV-1 RNA (Amplicor) assay. On the
vertical axis are shown the titers in the lower chamber (mean *
standard error of the mean) at the indicated times (the titer at 1 h p.i.
was below the limit of detection [<300 RNA copies]). The infectious
assay showed that at 48 h p.i., the titers were >10"* TCIDs, in the
upper chamber and 107" TCIDs, in the lower chamber. The exper-
iment was repeated three times with comparable results.
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FIG. 3. HIV-1 does not replicate in BMVECs. The indicated num-
ber of HIV-1,;5, HIV-1,g g, or HIV-1g44 o RNA copies was placed on
200,000 BMVECs for 2 h, washed four times, and incubated for the
indicated time, after which the supernatant was collected and HIV-1
RNA was measured by the Amplicor PCR assay. HIV-1,;5, HIV-
1yr.pr, and HIV-1g, ¢ virus stocks were titrated in CEM lymphoblas-
toid cells and yielded p24 antigen in the range of 10* to 10° pg/ml.

in 20 ml of a bovine serum albumin solution (250 mg/ml). After a repeat
centrifugation, the pellet containing capillaries was resuspended in 1 ml of PBS
with bovine serum albumin (5 mg/ml) and loaded onto a 50% Percoll gradient.
The capillary fragments were removed and placed in a three-dimensional colla-
gen type I gel and maintained in Dulbecco’s minimum essential medium-Ham’s
F12 with 10% fetal bovine serum with endothelial cell growth supplement (Sig-
ma) added at 50 pg/ml as described previously (18). The microvessels were
harvested, explanted into collagen type I-coated T-25 flasks, and propagated as
monolayers. Coronary artery endothelial cells (CAECs) were obtained from
Clonetics/BioWhittaker, Walkersville, Md., and propagated as described previ-
ously (22). Human umbilical vein endothelial cells (HUVECs) were provided by
A. Burns, Baylor University, Houston, Tex., and were propagated as described
previously (5).

Viruses. The following HIV-1 strains were used for investigations. (i) Two
RS5-tropic strains, HIV-1 ;i g (I. Chen, University of California—Los Angeles)
and HIV-1,p, (20) (H. Gendelman, Walter Reed); four X4-tropic strains,
HIV-1 y 4.3 (R. Gallo, University of Maryland), HIV-1yy (R. Gallo), HIV-1} o,

A.
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(L. Montagnier, Pasteur Institute), and HIV-1j;5 (R. Gallo); and a bitropic
strain, HIV-1g9 ¢ (J.-M. Bechet and R. Colman). All of these strains were pro-
vided by the AIDS Research and Reference Reagent Program, NIAID, NIH. (ii)
For reverse transcription, HIV-1; 4; was used. (iii) For transmission electron
microscopy (TEM) of virus entry, HIV-1; 4; was used. (iv) For virus signaling,
HIV-1 (J. Lifson and L. Arthur, SAIC, Frederick, Md.) was used, including an
active (infectious) virus preparation containing 460,000 50% tissue culture in-
fective doses (TCIDs,) per ml, vaccine virus inactivated by aldrithiol (47), and
vesicles from uninfected cells (these products were prepared identically by ul-
tracentrifugation in a sucrose density gradient and had comparable concentra-
tions of protein [active virus, 2.56 mg/ml; inactivated virus, 2.97 mg/ml; vesicles,
1.49 mg/ml]). (v) For confocal microscopy of virus entry, HIV-1y; 4.3 was used by
transfecting 293T cells with DNA of the infectious molecular clone (43). HIV-
In14.3 incorporating Vpr-green fluorescent protein (GFP) (HIV-1y;,5 Vpr-
GFP) was used by cotransfection of 293T cells with pNL4-3 DNA and an
expression vector coding for GFP-Vpr fusion protein. Forty-eight hours after
transfection, the culture supernatants were collected, filtered through a 0.45-pm-
pore-size filter, and concentrated by ultracentrifugation through a cushion of
20% sucrose in PBS. The pelleted virus was resuspended in PBS with 0.1%
bovine serum albumin, aliquoted, and stored frozen at —80°C. The virus titer was
determined by the reverse transcriptase activity assay (44); the GFP-Vpr expres-
sion vector was constructed by PCR amplification of the coding region of HIV-1
Vpr (HIV-1 YU2) from the pTM-vprl vector (53) and cloning into X#ZoI and
EcoRI sites of pEGFP-C1 (Clontech Laboratories, Palo Alto, Calif.). A
pseudotyped luciferase-expressing NL HXB2 Env* LUC™ virus was obtained by
cotransfection of plasmid DNA (15 pg) encoding envelope from a T-tropic
HIV-1 clone, HXB2, and pNL4-3 Env~ LUC" (5 pg) into 293T cells using
SuperFect (Qiagen). The virus GFP-HIV-1y; 4.3 Env™ was created by cotrans-
fection of GFP-Vpr and HIV-1y; 43 Env™ plasmid (provided by O. Schwartz,
Pasteur Institute, Paris, France) in 293 T cells. All HIV-1y 4.3 viruses except
GFP-HIV-1y 4.3 Env™ were infectious in T cells and had comparable titers by a
reverse transcriptase assay (2.5 X 107 to 1 X 10°% cpm/ml).

In the luciferase assay, the cells were infected with NL HXB2 Env' LUC™,
and at specified times, the cells were washed and lysed using the Luciferase Cell
Culture Lysis Reagent (Promega). The lysate was collected and centrifuged, and
the supernatant was stored frozen until it was used in the assay with the luciferase
assay reagent and for scintillation counting using a Monolight 2010 luminometer
(41). A HIV-1 infectious end point assay was performed in A3.01 cells as
described previously (18).

Antibodies, probes, and inhibitors. The following primary antibodies were
used: anti-von Willebrand factor (DAKO, Carpenteria, Calif.); anti-ZO-1
(Zymed, South San Francisco, Calif.); anti-phospho-extracellular signal-regu-
lated kinases 1 and 2 (Erk 1 and 2; Cell Signaling Technology, Beverly, Mass.);
anti-glucose transporter-1 (GLUT-1) and anti-GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) (Chemicon International, Temecula, Calif.); anti-caveo-
lin-1 (Santa Cruz Biotechnology, Santa Cruz, Calif.); monoclonal anti-human
ICAM-1 (DAKO); and monoclonal anti-HIV-1 p24 (183-H12-5C) and mono-
clonal anti-Tat (8D1.8) (AIDS Research and Reference Reagent Program).

-
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FIG. 4. HIV-1 reverse transcription in BMVECs proceeds to LTR/US. (A) Replicate BMVEC cultures (400,000 cells in 60-mm-diameter tissue
culture dishes) were infected with 10° RNA copies of HIV-1; 4; (100 pg of p24 antigen) for 2 h at 37°C and washed four times with PBS. The cells
were harvested using 0.25% trypsin-1 mM EDTA at the indicated times p.i. The cell lysates were subjected to PCR amplification using the primers
from the LTR/US region, the pol gene, or 2LTR circles. The hybridization was positive only with the LTR/US probe; the hybridizations with the
probe for pol or 2LTR circles were negative. (B) Dilutions of PCR lysates prepared from 8ES/LAI cells containing one HIV-1 provirus per cell
were amplified with the same set of primers used for panel A. (C) Cell lysates from CEM lymphoblastoid cells or BMVECsS infected with HIV-1
for 9 days were subjected to PCR amplification using the primers from the pol gene.
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FIG. 5. HIV-1 exposure of BMVECs induces ICAM-1 on plasma membranes and in cytoplasmic vacuoles. BMVECs, sham inoculated or
inoculated with HIV-1 at a multiplicity of 10° RNA copies per cell, were fixed at the indicated times and examined by phase-contrast, fluorescence,
or electron microscopy. (A) Control BMVECs show no cytoplasmic vacuoles (3 h post-sham infection; phase-contrast microscopy; magnification,
X100). (B) Virus-exposed BMVECs display cytoplasmic vacuoles (3 h p.i.; phase-contrast microscopy; magnification, X100). (C) Control BMVECs
display no ICAM-1 (24 h p.i.; anti-ICAM immunofluorescence; magnification, X40). (D) HIV-1-exposed BMVECsS strongly display ICAM-1 on
the plasma membrane (24 h p.i.; anti-ICAM immunofluorescence; magnification, X40). (E) Control BMVECs show no or weak ICAM-1
horseradish peroxidase (HRP) reaction product on the plasma membrane (arrowheads) (3 h post-sham infection; IEM with anti-ICAM-1;
magnification, X17,000). (F) Virus-exposed BMVECs display strong ICAM-1 HRP reaction product on the plasma membrane (arrows) and within
vesiculocanalicular cytoplasmic structures (arrowheads) (3 h p.i.; IEM with anti-ICAM-1; magnification, X17,000).
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Texas Red (TR)-conjugated goat anti-rabbit immunoglobulin G and Alexa 488-
conjugated goat anti-mouse immunoglobulin G, LysoTracker Red, and trans-
ferrin-TR were from Molecular Probes (Eugene, Oreg.). Cyclodextrin, nystatin,
dimethylamiloride, and heparin were from Sigma.

HIV-1 invasion in a BBB model. The BBB models were prepared in Biocoat
cell culture inserts (Collaborative Biomedical Products, Bedford, Mass.) using
40,000 BMVECs on the upper surface of a polyethylene teraphthalate mem-
brane coated with fibronectin and collagen I, as described previously (18). The
models were used on the fourth day after being plated, when the average
[**Clinulin permeability coefficient was 0.000219 cm?/min.

To investigate the time course of HIV-1 invasion, we placed 10° RNA copies
of HIV,g g into the upper chamber of each model and counted the HIV-1 RNA
copies in the lower chamber at various times. To examine virus invasion by TEM,
HIV-1yy (10 pl) was placed into the upper chamber of the BBB model. Rep-
licate models were fixed at the appropriate times for 1 h at room temperature
with 3% glutaraldehyde in PBS.

PCR analysis of HIV-1 reverse transcription products. BMVECs (400,000)
were exposed to 1 million RNA copies of HIV-1; o; that had been pretreated
with 400 U of RNase-free DNase I (Boehringer Mannheim)/ml in PBS contain-
ing 0.04 M MgCl, (for 1 h at room temperature). After 4 h of incubation with the
virus, the cells were washed four times with PBS and further cultivated. At
various time intervals after infection, the cells were scraped and centrifuged, and
the cell pellet was frozen. After thawing, the cell pellets were lysed in 200 wl of
PCR buffer. Following protein digestion (for 2 h at 56°C) and inactivation of
proteinase K (for 10 min at 95°C), 25 pl of cell lysate was subjected to 35 cycles
of amplification as described elsewhere (49). The primers for long terminal
repeat (LTR) R/U5 were 5'-GGC TAA CTA GGG AAC CCA CTG-3' (for-
ward) and 5'-CTG CTA GAG ATT TTC CAC ACT GAC-3' (reverse); those for
pol were 5'-TTC TTC AGA GCA GAC CAG-3’ (forward) and 5'-ACT TTT
GGG CCA TCC ATT-3’ (reverse). To evaluate the sensitivity of each primer
pair, different dilutions of the lysate prepared from 8ES5/LAI cells (containing
one copy of the HIV-1 genome per cell) were amplified in parallel. The amplified
DNA was analyzed by Southern blot hybridization with 3>P-labeled probes (49).

HIV RNA copy (Amplicor) assay. HIV-1 viral RNA in culture supernatants
was measured using the Amplicor HIV Monitor test kit (Roche Co., Nutley,
N.J.) as described previously (18). The lower limit of sensitivity is 300 RNA
copies (approximately 0.03 pg of p24/ml).

HIV-1 p24 antigen assay. A HIV-1 p24 enzyme-linked immunosorbent assay
(ELISA) kit (NEN Life Science Products, Boston, Mass.) was used with Quanti-
Kin software and Elast signal amplification according to the manufacturer’s
directions (sensitivity, 7 pg of p24/ml).

Western blotting. BMVECs were grown in 60- by 15-mm culture plates. After
reaching 80% confluence, approximately 1 million cells were maintained over-
night in EBM-2 basal medium (Clonetics/BioWhittaker) with 0.5% fetal bovine
serum. The next day, the cells were stimulated for 5 or 15 min by addition of
prewarmed spent medium with an equal volume (10 pl) of either the virus or
control vesicles. The medium was then replaced with 200 .l of ice-cold cell lysis
buffer (1% Triton X-100, 50 mM HEPES [pH 7.4], 100 mM NaCl, 10% glycerol,
5 mM MgCl,, 1 mM EGTA, 10 pg of aprotinin/ml, 10 wg of leupeptin/ml, 1 mM
orthovanadate, 50 mM sodium fluoride, and 20 mM B-glycerophosphate), and
the lysate was incubated on ice for 30 min. After centrifugation (18,000 X g for
15 min), the lysates were frozen at —80°C.

Equal amounts of protein (25 to 50 wg) from each sample were loaded onto
7.5% sodium dodecyl sulfate-acrylamide Ready Gel (Bio-Rad, Richmond, Cal-
if.) and separated using the Mini-Protean 3 electrophoresis system. The sepa-
rated proteins were transferred to polyvinylidene difluoride membranes (Amer-
sham-Pharmacia Biotech, Piscataway, N.J.) using the Trans-blot SD semidry
electrophoresis transfer cell (Bio-Rad) and were incubated with primary and
secondary horseradish-peroxidase-conjugated antibodies. The autoradiograms
were developed by enhanced chemiluminescence using the ECL Western blot-
ting detection kit (Amersham Pharmacia Biotech) and scanned using Eagle Eye
II (Stratagene). The membrane was stripped in a detergent buffer (100 mM
2-mercaptoethanol, 2% sodium dodecyl sulfate, 62.5 mM Tris [pH 6.7]) and
probed with anti-GAPDH to verify equal protein loading.

Immunocytochemistry, immunofluorescence, and confocal microscopy.
BMVECs were grown for 3 days on gelatin-coated, glutaraldehyde-cross-linked
coverslips and exposed to HIV-1y; 4.5 Vpr-GFP for 3 h or overnight. To inhibit
virus entry, the cells were treated with methyl-B-cyclodextrin or nystatin (Sigma).
Immunocytochemistry was performed using the LSAB+ (peroxidase) kit
(DAKO). For immunofluorescence analysis, the cells were fixed with 3% para-
formaldehyde in PBS for 2 h at room temperature, treated with PBS-1% bovine
serum albumin for 30 min at room temperature, permeabilized with 0.1% Triton,
incubated overnight with one or two primary antibodies (monoclonal antibody at
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10 pg/ml or polyclonal antibody diluted 1:200), washed three times with PBS, and
incubated with one or two secondary antibodies (TR-conjugated goat anti-rabbit
and Alexa 488-conjugated goat anti-mouse antibodies). Colocalization with cel-
lular organelles was examined using Alexa Fluor 594-labeled transferrin and
cholera toxin B, or T-R-labeled dextran (molecular weight, 40,000) and Lyso-
tracker Red DND-99 (Molecular Probes). The preparations were examined
using an Olympus Research BX60 microscope or a Zeiss LSM 310 confocal
microscope.

TEM. Tissue culture inserts with membranes containing BMVEC monolayers
were gently rinsed with PBS and fixed with 3% glutaraldehyde in 0.1 M sodium
phosphate at pH 7.4 for 3 h at room temperature. Excess plastic was trimmed
from the insert using flame-heated no. 11 scalpel blades. The membranes with
attached cells were placed in an ice-cold buffer containing 0.2 M sucrose and 0.1
M sodium cacodylate at pH 7.4. The membranes were postfixed in 1 to 2% OsO,
in 0.1 M sodium cacodylate buffer at 4°C for 1 h, dehydrated in a graded series
of ethanol, cleared in propylene oxide, and placed in 100% liquid plastic. The
individual membranes were cut from the inserts, bisected, and flat embedded in
both Polybed 812 and Spurr plastics. Thick and thin sections were cut on a
Reichert or LKM Ultramicrotome, stained with lead and uranyl acetate salts,
and examined using a Zeiss EM 10 electron microscope.

Immunoelectron microscopy (IEM). For identification of ICAM-1, we applied
a preembedding technique according to a previously described method (27).
Inserts were fixed for 3 h with 4% formalin containing 0.25% glutaraldehyde in
a 0.1 M sodium cacodylate buffer at pH 7.3. The inserts were quenched with 0.1
M NH,CI to remove unbound aldehydes and then blocked with 10% goat serum
in PBS. The inserts were then immunoreacted with a mouse anti-human ICAM-1
(1:100), goat anti-mouse biotinylated immunoglobulin (1:50), streptavidin-horse-
radish peroxidase (1:50), and finally 3,3’-diaminobenzidine tetra-HCl. The in-
serts were postfixed with 1 to 2% OsO, and processed into plastic, as described
above.

Permeability coefficient. The permeability coefficient was assessed in the BBB
model by a diffusion assay using 25,000 to 30,000 cpm of '*C-carboxylated inulin
(molecular weight, 5,000) (Sigma) in the upper chamber, as described previously
(18).

Data acquisition. The imaging program Image Pro (Media Cybernetics, Silver
Spring, Md.) measured green (GFP), red (cholera toxin), and yellow (colocal-
ization) areas in three cells in confocal images obtained with a 100X objective of
the confocal microscope.

The Global Image Analysis package (Data Translation, Inc.) was used to
measure the areas (pixels) of the cytoplasmic vacuoles with viral particles and
viral remnants relative to the total endothelial cell area based on electron
micrographs examined at X12,189 magnification.

Statistical analysis. The permeability coefficient data were analyzed by repeat-
ed-measures analysis of variance with the posthoc ¢ test. The areas of cytoplasmic
vesicles at 3 and 16 h were analyzed by the Wilcoxon rank sum nonparametric
test.

RESULTS

In previous studies, we investigated HIV-1 invasion in a
BBB model constructed with BMVECs on a porous membrane
(18) and observed that BMVECs represent the main barrier to
HIV-1 invasion, which is not altered by the presence of an
astrocyte sublayer.

Cell markers and chemokine coreceptors are displayed on
BMVECs in tissue-specific fashion. We compared cell markers
on BMVEG:s to those described previously on HUVECs (5,
22). BMVECs and HUVECs showed substantial differences in
the expression of factor VIII, GLUT-1, and dynamin (Fig. 1).
As described previously, the chemokine receptor distribution
on endothelial cells in vitro is tissue specific: CXCR4 was
expressed on BMVECs, CAECs, and HUVECs; CCRS was
expressed on CAECs and BMVECs; CCR3 was expressed only
on BMVEGCs, as previously described (5).

A small fraction of the virus inoculum penetrates the
BMVEC barrier despite no alteration of paracellular perme-
ability. To assay virus invasion across the BBB, HIV-1 inocu-
lum (10° RNA copies, an amount comparable to the virus load
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in the plasma of infected patients early after infection) was
placed in the upper chamber of the BBB model. The concen-
tration of the virus was measured by a sensitive HIV-1 RNA
(Amplicor) assay and an infectious assay in the upper and
lower chambers. The RNA assay showed that the invasion was
initially (1 to 3 h postinfection [p.i.]) minimal but slowly in-
creased (Fig. 2). The infectious assay revealed that the virus
titer 48 h p.i. in the upper chamber was >10"2 TCIDs, and
that in the lower chamber was 10~ '-* TCIDs, During the 48-h
test period, HIV-1 exposure did not significantly alter the para-
cellular permeability of replicate BBB models, as shown using
a ["*Clinulin assay (Table 1).

Since the paracellular route was not breached by HIV-1
exposure, we investigated two alternative possibilities: HIV-1
penetration by replication in BMVECs and a transcellular
pathway.

HIV-1 does not replicate in BMVECs. To determine whether
HIV-1 invasion could take place by virus replication and bud-
ding on the abluminal side of brain endothelia, we performed
PCR, ELISA, immunofluorescence, and luciferase assays with
HIV-1-exposed BMVECs. Replicate BMVEC monolayers (2
X 10° cells) were exposed to the macrophage-tropic strains
JR-FL and ADA, the T-cell-lymphotropic strains IIIB and
LAI, or the dual-tropic strain 89.6 (300,000, 700,000, and
1,000,000 RNA copies, respectively), and after thorough wash-
ing, viral RNA and p24 antigen were measured in the super-
natant up to 12 days p.i. Except for the release of 89 copies of
IIIB on day 2, no HIV-1 RNA was released at any time from
virus-exposed BMVECs (Fig. 3). Furthermore, we did not de-
tect on days 3 and 7 p.i. any intracellular p24 or Tat by immu-
nofluorescence or p24 antigen in the supernatant medium by
ELISA. Finally, we measured the luciferase activities of lysates
from BMVECs which had been either pretreated or not pre-
treated with bacterial lipopolysaccharide (100 ng/ml) and ex-
posed to luciferase-expressing recombinant virus, NL HXB2
Env™ LUCT, for different periods of time (4 or 7 days). The
luciferase activity did not rise significantly above the back-
ground in any sample (the maximum activity was 153 relative
light units). A positive infection generates at least 10° relative
light units (41).

These experiments demonstrated that HIV-1 does not pro-
ductively infect human BMVECs isolated from the microves-
sels in the temporal lobe. To further clarify the nature of virus
interactions with BMVECs, we examined the sequential steps
in HIV-1 reverse transcription.

HIV-1 reverse transcription in BMVECs is restricted to
R/US transcripts. In BMVECs exposed to HIV-1, ,;, an early
transcript, strong-stop DNA R/US, was detected 0, 2 (maxi-
mum), and 14 h p.i. but not at later times (Fig. 4A). Reverse
transcription of U3/R and pol was not detected in BMVECs
(but was positive in CEM lymphoblastoid cells [Fig. 4C]).
Analysis of BMVEC infection by HIV-1;g iy and HIV-1g4 ¢
strains produced identical results. We considered the possibil-
ity that the observed PCR signal could reflect endogenous
reverse transcription. However, we did not detect any R/US
transcripts in the viral inoculum (Fig. 4A). The data, therefore,
suggested that a low level of R/US transcription occurs very
early after virus entry into BMVECsS; these reverse transcrip-
tase products disappeared at later times. Viral reverse tran-
scription beyond the R/US step did not occur.

J. VIROL.

These findings indicated that HIV-1 does not replicate in
BMVECs. We therefore examined the remaining possibility:
transcellular transport of HIV-1.

HIV-1 upregulates the expression of ICAM-1 on the plasma
membrane and in cytoplasmic vacuoles. Three hours p.i., HIV-
1-exposed, but not control, BMVECs displayed robust vacuol-
ization, as visualized by phase-contrast microscopy (compare
Fig. 5A and B), and 24 h p.i., cells showed increased expression
of ICAM-1 when examined by immunofluorescence micros-
copy (compare Fig. 5C and D) or IEM (compare Fig. 5E and
F). Control cells demonstrated only weak ICAM-1-specific
staining (a horseradish peroxidase-positive reaction product)
on the external plasma membrane (Fig. SE), whereas virus-
exposed cells displayed abundant staining both on the plasma
membrane and in cytoplasmic vesicles (Fig. 5F). In addition,
16 h p.i., HIV-1-exposed endothelial cells displayed increased
rough endoplasmic reticulum when examined by TEM (see
Fig. 7B).

To clarify the entry and passage of HIV-1 through BMVECs,
we performed TEM and confocal microscopy.

HIV-1 enters BMVECs by vesicular uptake and is lysed after
the fusion of vesicles with lysosomes. Three hours p.i., virus-
exposed cells had strongly increased cell surface microvilli
trapping many virions, which were taken into cytoplasmic ves-
icles through surface invaginations. The incoming virions did
not show fusion of the virus envelope with the cell membrane
(Fig. 6A and B). Most virions entered through non-clathrin-
coated invaginations, but an occasional virion entered through
a clathrin-coated pit (Fig. 6C). The vesicles were of various
sizes (150 nm to 5 wm in diameter) and incorporated from a
single virion to as many as thousands of virions. An occasional
giant vesicle spanned almost the whole cell width (Fig. 7A). At
16 h p.i., most virion-containing vesicles had fused with pri-
mary lysosomes, and the virions in these vesicles disappeared.
The virions remained intact in occasional vesicles that did not
fuse with lysosomes (Fig. 7C). In order to show the evolution
of these cytoplasmic vesicles over time, the area of vesicles
expressed as a fraction of the total endothelial cell area was
determined in three cells. This value was significantly higher at
3 h p.i. (25.34%) than at 16 h p.i. (4.95%) (Table 2). The TEM
results demonstrating the virus in the cytoplasmic vesicles were
supported by confocal microscopy (see below).

Virus colocalizes on entry with the ganglioside GM1, and
this entry is inhibited by cholesterol removal and heparin. To
analyze the mode of virus entry into BMVECs, we employed
HIV-1 carrying GFP-Vpr fusion protein (HIV-1y;,5 Vpr-
GFP). HIV-1-GFP did not colocalize on entry with transferrin,
the marker of early endosomes (Fig. 8C), but colocalized ex-
tensively with cholera toxin B, which targets GM1 ganglioside
in lipid rafts (Fig. 8A). The intensity of colocalization of the
virus with cholera toxin B varied from cell to cell, probably
reflecting asynchrony in virus entry.

Both the sterol binding agent methyl-B-cyclodextrin (19) and
the antifungal antibiotic nystatin, which extracts cholesterol
from caveolae (8), inhibited the entry of HIV-1-GFP and chol-
era toxin B into BMVECs and their colocalization (Fig. 8A),
supporting the role of lipid rafts in virus entry.

Virus entry was completely blocked by the pharmaceutical
polysaccharide heparin (Fig. 8B), suggesting that HIV-1 is
binding to cell membrane-bound proteoglycans. Previously, a
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nonproductive interaction of HIV-1 with macrophages was
described (30, 48). Since this interaction involved HIV-1 entry
into macrophages by vesicular uptake that did not depend on
CD4 or chemokine receptors, we investigated whether HIV-1
entry into BMVECs employs a similar mechanism.

HIV-1 entry into BMVECs does not depend on gp120, CD4,
or CCRS but proceeds via macropinocytosis. Upon exposure
of BMVECs to HIV-1y;,5 Vpr-GFP Env' or GFP-HIV-
1n143 Env, the virus entered the cells; however, the entry of
the envelope-positive virus was more efficient than the entry of
the envelope-deficient construct (Fig. 8B). HIV-1 entry was
not dependent on the classical receptors for HIV-1, since CD4
antibody had no effect and RANTES had only a small inhibi-
tory effect on virus entry (Fig. 8B). Virus entry was, however,
inhibited by the Na*-K™" transporter inhibitor dimethylamilo-
ride (Fig. 8B), indicating that endocytic uptake of the virus
occurs by macropinocytosis. As expected from this mode of

FIG. 6. HIV-1 virions enter BMVECs through a surface crater.
BMVECs were exposed to HIV-1 at a multiplicity of 10° RNA copies
per cell, fixed at the indicated times, and examined by TEM. (A) At3 h
p-i., exuberant microvilli trap virions on the cell surface and in a large
surface crater (asterisk). (Magnification, X5,670.) (B) A higher mag-
nification of panel A shows numerous virions (arrowheads) in a large
surface crater (asterisk). A portion of the crater is clathrin coated
(arrow). (Magnification, X36,000.) (C) An occasional viral particle
enters a clathrin-coated pit (arrow). (Magnification, X60,000.)

entry, virus colocalized with the fluid marker dextran but not
with transferrin (Fig. 8C).

After entry into vesicles, the virus was lysed in those vesicles
that fused with lysosomes (Fig. 7C). HIV-1y; 45 Vpr-GFP
Env" showed a minimum colocalization with the Lysotracker
probe for lysosomes (Fig. 8C), indicating a very short half-life
of the virus in this compartment. The virus weakly colocalized
with caveolae (Fig. 8C).

To investigate the role of virus-induced signaling in HIV-1
entry, we examined induction of Erk 1 and 2 phosphorylation
in BMVECs.

HIV-1 activates the MAPK pathway, which is essential for
virus entry. The exposure of BMVECs to HIV-1,,y increased
Erk 1 and 2 phosphorylation 1.5 times 5 min p.i. and 3.4 times
15 min p.i. compared to a control vesicle preparation from
uninfected cells (Fig. 9). The MEK inhibitor U0126 strongly
suppressed virus-induced Erk 1 and 2 phosphorylation (data
not shown) and virus entry (Fig. 8A). These results suggest that
Erk 1 and 2 activation by the virus is required for efficient entry
into BMVECs.

DISCUSSION

The BBB has been widely considered to be an impenetrable
barrier to HIV-1 which can be crossed by HIV-1 only by pig-
gybacking in monocytes or lymphocytes (26). Here, we dem-
onstrate that in vitro HIV-1 is initially held back by the
BMVEC barrier, but within 3 h p.i., the virus is able to enter
the endothelial cells, which display abundant cytoplasmic ves-
icles containing HIV-1 virions. The virus does not replicate or
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FIG. 7. Abundant cytoplasmic vesicles display virions early after infection, but subsequently the vesicles diminish and the virions disappear.
BMVECs were infected with HIV-1 at a multiplicity of 10° RNA copies per cell, fixed at the indicated times, and examined by TEM. The montage
of electron microscopic figures shows the typical appearance of whole cells 3 and 16 h p.i. (A) BMVEC (3 h p.i.) shows a giant vacuole and several
small vacuoles with virions (magnification, X12,000). (B) BMVEC (16 h p.i.) shows only small vacuoles with amorphous virion remnants. Note the
abundant rough endoplasmic reticulum (magnification, X12,000). (C) BMVEC (16 h p.i.) shows amorphous virion remnants (arrow) in the vesicle
that had fused with a lysosome (asterisk). The vesicle that had not fused with a lysosome contains intact virions (arrowhead) (magnification,
%30,000)

disrupt tight junctions, yet approximately 1% of the virus in-
oculum penetrates to the abluminal side of the BMVEC bar-
rier.

The entry of HIV-1 into susceptible T cells generally occurs
by a pH-independent membrane fusion (7, 12) after interac-
tion of the virus envelope with CD4 and chemokine corecep-
tors on the target cell (4). We show here that HIV-1 penetra-
tion across brain endothelia (and hence BBB) is not due to
virus replication or virus penetration through a paracellular
route. We demonstrate that virus enters BMVECs nonproduc-
tively via macropinocytosis, which is dependent on intact lipid
rafts and MAPK signaling. The existence of a macropinocy-
totic mechanism of viral entry into BMVEC:s is supported by
increased surface microvilli, abundance of cytoplasmic vesicles,
and inhibition of virus entry by dimethylamiloride. The intra-
cellular vesicles enclosing HIV-1 virions in BMVECs are of
various sizes and do not strongly colocalize with the anticaveo-
lin target, and therefore, they differ from the “caveosomes”
recently described with simian virus 40 (37). As shown by
TEM, the cytoplasmic vesicles fuse with lysosomes and become
reduced in size, and most virions are lysed, corresponding to
clearance of the virus from BMVECs and the culture super-

natant. This nonproductive HIV-1 entry into the endothelial
cell cytoplasm appears, as is the case with productive entry of
HIV-1into CD4™" T cells (41), to be dependent on the integrity
of lipid rafts.

The subcellular trafficking of HIV-1 in BMVECs appears to
be largely terminated by fusion of endocytic vesicles with lyso-
somes, although the data in the BBB model show that approx-
imately 1% of the virus penetrates the BMVEC monolayer.
HIV-1 does not follow transferrin into recycling endosomes
or GPI-GFP into the Golgi apparatus (36). HIV-1 invasion
of BMVECs produced substantial endothelial restructur-
ing, which could promote virus penetration to the abluminal
side. The initial stimulus for cytoskeletal rearrangements in
BMVEC:s could be transmitted through ICAM-1 engagement.
Etienne-Manneville and coworkers showed that ICAM-1
cross-linking leads to cytoskeletal endothelial restructuring
through tyrosine phosphorylation of phosphatidylinositol-
phospholipase Cy1 (14). The adhesion molecule ICAM-1 also
plays a key role in inflammatory cell homing and trafficking
across normal and injured blood-tissue barriers, where it is
highly expressed (10, 13). HIV-1-induced cell surface invagi-
nations and tubulovesicular structures in HIV-1-exposed
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FIG. 7—Continued.

BMVECs were ICAM-1 lined and might correspond to ICAM-
1-positive vesiculotubular structures in brain tumors (27). The
profound subcellular alterations of endothelial cells exposed to
HIV-1 could also be related to certain cytokines, including
IL-6, which is secreted by HIV-1-exposed endothelial cells (25;
M. Fiala, unpublished data), and vascular endothelial growth
factor, which induces vesiculovacuolar organelles and transcel-
lular pores in tumor vessels (16, 17).

Virus entry was dependent on the MAPK signaling pathway.
This pathway has been recognized to play a role in the life
cycles of other viruses, for example, during nuclear export of
influenza virus (39) or the spread of Borna virus to adjacent
cells (38). In T-cell lines, HIV-1 activates the MAPK pathway
with induction of inflammatory cytokine genes (42). The cell
receptor used by HIV-1 for MAPK signaling in BMVECs and
CAECs is still unknown. Mammalian cell surfaces display
membrane-bound proteoglycans that bind extracellular pro-
teins and form signaling complexes with receptors (6). Since
virus entry was inhibited by heparin, HIV-1 could be using a
proteoglycan receptor for signaling in BMVECs. Although

chemokine receptors are present on BMVECs and CAEC:s (5),
HIV-1 does not appear to use these receptors for its entry
because (i) virus invasion across CAECs is not inhibited by the
broadly active chemokines AOP-RANTES and v-MIP-II (22)
and (ii) the chemokine RANTES does not significantly block
virus entry into BMVECs.

TABLE 2. Time-dependent decrease of intracytoplasmic
vesicles in HIV-1-inoculated BMVECs

Area of vesicles/area of EC (in pixels) (%)
EC examined®

3hpit 16 h p.it
EC1 10,435/78,840 (13.2) 3,420/47,029 (7.27)
EC2 41,466/78,369 (52.9) 12,262/47,029 (2.14)
EC3 5,987/60,602 (9.88) 2,180/41,173 (5.29)

“ Electron micrographs (magnification, X 12,180) were examined with the
Global Image Analysis Package, and the data were analyzed by the Wilcoxon
rank sum nonparametric test. EC, endothelial cell.

b The difference between the areas at 3 and 16 h p.i. was significant (P =
0.0495).
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FIG. 8. Virus entry by macropinocytosis. (A) HIV-1 Env* binds to ganglioside GM1 and enters BMVECs by a process sensitive to inhibition
by cholesterol-extracting agents or a MEK inhibitor. BMVECs were not pretreated (a) or were pretreated with U0126 (10 wM for 1 h) (b), nystatin
(Nyst) (25 pg/ml for 1 h) (c), or cyclodextrin (CD) (10 mM for 1 h) (d). The cells were then infected with HIV-GFP Env™ (5 X 107 RNA copies);
2.5 h p.i., the cells were stained with cholera toxin B-TR (CTX-TR) (10 pg/ml) for 30 min and fixed, and three cells were then examined by confocal
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FIG. 9. Virus exposure rapidly activates Erk 1 and 2 in BMVECs.
BMVECs were exposed either to vesicles from uninfected cells or to
infectious virus (10 wl each) for 5 or 15 min, after which cell lysates
were prepared. Erk 1 and 2 activation was determined by Western
blotting with antibody against phospho-Erk 1 and 2 (Erk1-p and Erk2-
p)- The blots were stripped and probed with anti-GAPDH. The error
bars indicate standard deviations.

In conclusion, the process of HIV-1 entry into endothelial
cells is similar to macropinocytosis recently described with
HIV-1 entry into macrophages (31) and can be inhibited by
two classes of pharmaceuticals, cholesterol-extracting drugs
and heparin. HIV-1 entry is also dependent on Na™-K™ trans-
port and MAPK signaling. Virus restructuring of the endothe-
lia with ICAM-1-lined vesicles allows the virus to penetrate the
BBB by a transcellular route and allows leukocytes to migrate
across the BBB. Thus, both cell-free HIV-1 and HIV-1-in-
fected monocytes/macrophages may gain access to the CNS by
the same route.
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